Barium hexaferrite embedded-silica-titania photocatalyst (TiO 2 -SiO 2 -BaFe 12 O 19 ) was synthesized through sol-gel, liquid catalytic phase transformation and solid reaction routes. The magnetic photocatalyst was aimed to harvest the photoenergy from the sunlight, minimize the electron-holes recombination rate, improve the long lifetime charge-carriers transfer to maximize the photocatalytic activity and enhances the separation and reusability of it. The as-synthesized photocatalyst was characterized and the photocatalytic activity was evaluated for the reduction of 2, 4-dichlorophenol (2, 4-DCP) under direct sunlight. The presence of SiO 2 interlayer in TiO 2 -SiO 2 -BaFe 12 O 19 prevents the phase transformation of magnetic core. TiO 2 -SiO 2 -BaFe 12 O 19 benefits the magnetic separation with appreciable magnitude of coercivity (5035.6 Oe) and saturation magnetization (18.8256E -3 emu/g), respectively. The ferrite ions from the magnetic core which dispersed into TiO 2 matrix exhibited an evident shift of the absorption in the visible region. This was again confirmed with the reduced band gap energy of 1.90 eV. Furthermore, TiO 2 -SiO 2 -BaFe 12 O 19 destructed 100% of 2, 4-DCP compound within 150 min under very bright sunlight with an average irradiance of 820.8 W/m 2 (results not shown). The embedding of BaFe 12 O 19 with a SiO 2 layer onto TiO 2 nanocrystals contributed for an excellent solar-light utilization and ease magnetic separation of the nano-sized photocatalyst.
Introduction
Photocatalysis assisted by titania (TiO 2 ) semiconductors attracted remarkable awareness, due to the wide prospective employments, mainly in the environmental and energy application [1] [2] [3] [4] [5] [6] [7] . This process utilizes either artificial ultraviolet (UV) or visible light or natural solar energy as a source of excitation. However the major limitation is that TiO 2 is active only under UV radiation thus paralyze the utilization of the natural solar energy. The sunlight energy contributes a large share ~ 43% of visible light spectrum than that of UV spectrum (~ 5%). The band gap energy (3.2 eV) also hinders the utilization of the visible light from the natural light source.
As well-recognized, photocatalytic reaction is typically conducted in a suspension submicrometer system which ultimately encounters hurdles when applied to real world. The cost desires for this downstream particle separation may even take over the claimed energy savings for a solar induced decontamination process [8] . A separation can be achieved by imparting ferromagnetic nature to such photocatalysts thus can be separated by an external magnetic field. It also offers a potential approach of recovery and reusability of such photocatalyst [9] [10] [11] .
From this perspective, barium hexaferrite (BaFe 12 O 19 ) was chosen as magnetic carrier because of its prominent high performance permanent magnetic nature with hexagonal molecular structure. The hexagonal structure has high value of permeability (> 1) that leads to high magnetization compared to the spinel-type ferrites [12] . BaFe 12 O 19 too can be regarded as an efficient metallic magnet. This study also combined the advantages of SiO 2 interlayer in photocatalytic activity. The SiO 2 -coated BaFe 12 O 19 prepared by liquid catalytic phase transformation was deposited onto TiO 2 interface by solid reaction. The photocatalytic activity was investigated by degrading a bio-recalcitrant and toxic pesticide, 2, 4-dichlorophenol (2, 4-DCP) under unsteady sunlight irradiation in order to determine the electrons mobility and solar harvesting potential.
Materials and Method
Chemicals. Titanium (IV) butoxide reagent grade (Ti(OC 4 4 was specifically chosen as it has the largest alkoxy groups which can prevent oligomerization and increases the rate of hydrolysis and condensation. HNO 3 was used as catalyst to enhance hydrolysis and (CH 3 ) 2 CHOH was the solvent. The Ti (OC 4 H 9 ) 4 :H 2 O mole ratio was 1:2. The mixture then was stirred vigorously by a magnetic stirrer exceeding an hour. The resulting coloured transparent solution was calcined at 500 °C for an hour in a muffle furnace [13] . 6 aqueous solution (5%) was prepared by mixing of 5 g of (NaPO 3 ) 6 and 95 g of Milli-Q water. It was then added into 150 mL of BaFe 12 O 19 dispersion. As to get the mixed dispersion with 16 wt % of (NaPO 3 ) 6 for BaFe 12 O 19 , 3.62 g of BaFe 12 O 19 was added into Milli-Q water and made up to 150 mL. It is followed by the addition of 33 mL of NaOH x (Na 2 OSiO 3 ) y ·zH 2 Osolution (10%) to get 200 wt % of SiO 2 -coated BaFe 12 O 19 dispersion. The dispersion was sonicated for 15 min in an ultrasonic water bath and followed by heating to 90 °C on a magnetic stirrer provided with heater. The pH value of the dispersion was adjusted to pH 10.0 by titrating 5% of H 2 SO 4 solution under vigorous stirring. Further stirring was carried out at 90 °C to obtain a viscous dispersion. A thin SiO 2 layer was deposited on the BaFe 12 O 19 nanoparticles. The SiO 2 -coated BaFe 12 O 19 nanoparticles were washed by centrifugation and redispersed few times with Milli-Q water to prevent agglomeration.
Synthesis of SiO 2 -coated BaFe 12 O 19 by Liquid Catalytic Phase Transformation. (NaPO 3 )

Synthesis of TiO 2 -SiO 2 -BaFe 12 O 19
Photocatalyst by Solid Reaction. About 6 mL of SiO 2 -coated BaFe 12 O 19 dispersion (0.15 g) and 1.0 g of TiO 2 were mixed. A small portion of water was added to alter the mixture to be a paste. The mixture was sonicated for 15 min to well mix the substances, dried, grinded and annealed for 30 min at 400 °C. Thus, TiO 2 -SiO 2 -BaFe 12 O 19 photocatalyst was obtained.
Characterizations.
To determine the morphology and orientation of materials, high resolution transmission electron microscopy (HRTEM) (Carl Zeiss Libra 200 FE) analysis was performed. The magnetochemistry such as coercivity (H ci ), saturation magnetization (M s ) and remanence magnetization (M r ) were recorded by MicroMag alternating gradient magnetometer (AGM) and Lakeshore 7410 vibrating sample magnetometer (VSM) at room temperature. The optical absorption study was evaluated using UV-Vis (Shimadzu UV-2600) equipped with BaSO 4 diffuse reflectance integrating sphere (DRS) at ambient temperature in the wavelength range between 200 and 800 nm. The reflectance data was converted to the absorption coefficient F (R ∞ ) values according to the Kubelka-Munk function for the calculation of the band gap energy.
Results and Discussion
Morphology of Synthesized Photocatalysts. The HRTEM (Fig. 1 ) reveals that TiO 2 -SiO 2 -BaFe 12 O 19 was well hybridized. The bright field HRTEM micrograph depicted the agglomeration of discoidal and tabular structures due the short time of ultrasonication treatment prior HRTEM analysis. An obvious difference in the colour contrast between the central and the outer region proved the difference surface energy between BaFe 12 O 19 and TiO 2 . It correlates to the high electron scattering. We apparently observed that the core (dark contrast) is compacted by BaFe 12 O 19 . BaFe 12 O 19 is a ferromagnetic material which has more absorbed electron in comparison to TiO 2 . The core was spherical in average thickness less than 50 nm. The shell of TiO 2 (grey contrast) enwrapped closely around the core and the thickness is in the range of 100 nm. Additionally, the lattice spacing of 0.2771 nm indicates the lattice fringes of anatase TiO 2 . 
UV-vis Absorption Spectra and Band Gap Energy.
UV-vis absorption spectra of both synthesized photocatalysts are depicted in Fig. 3a . It is well known that commercial TiO 2 (Degussa P25) has zero absorption in the visible spectrum. However, TiO 2 derived by sol-gel method showed absorption in visible light region as shown in Fig. 3a . It shows a sharp edge at approximately 425 nm. This is due to the occurrences of impurity (N) in TiO 2 which contributed from the HNO 3 used in the preparation [13] . N creates oxygen deficient sites that are proved to only emerge visible light and act as blocker for reoxidation [13] . shows a promising approach for practical applications, owing to its capability to harvests solar energy, easy separation, recover and reuse under a permanent magnetic field.
